The partial photoionization cross sections and asymmetry parameters of S atoms have been measured using constant-ionic-state ͑CIS͒ spectroscopy in the photon energy range 10.0-30.0 eV. The ionizations investigated in these CIS experiments are the ͑3p͒
I. INTRODUCTION
In this paper, we report measurements of the partial photoionization cross sections and photoelectron asymmetry parameters ͑␤͒ of sulfur atoms in the photon energy range 10.0-30.0 eV, using constant-ionic-state ͑CIS͒ spectroscopy. This study builds on and extends an initial investigation of S and SH that we performed with photoelectron spectroscopy ͑PES͒ in which PE spectra were recorded at different photon energies in the region 9.6-15.2 eV.
1 This is part of an ongoing research project to study the photoionization behavior of reactive atoms and molecules with synchrotron radiation. [2] [3] [4] [5] [6] This work on S atoms is both of fundamental importance and relevant to the properties of the solar atmosphere. The fundamental interest in S atoms arises from a need to understand the photoionization behavior of reactive open shell atoms, 7 a topic that we have already contributed to with angularly resolved PES and CIS studies on O and N atoms with synchrotron radiation. 2, 3 Also, the interaction of S atoms with ultraviolet and vacuum ultraviolet radiation is important in the solar atmosphere 8 and, due to its relatively high solar abundance, 9 sulfur plays an important role in determining solar and stellar opacities. 10, 11 The ground state electronic configuration of S atoms is 1s 2 2s 2 2p 6 3s 2 3p 4 3 P. Three ionic states arise from ͑3p͒ −1 ionization from this state, which are allowed by the one-electron selection rule, the 4 S, 2 D, and 2 P states at ionization energies ͑IEs͒ of 10.35, 12.20, and 13.40 eV, respectively. 12 Two ionic states arise from the ͑3s͒ −1 ionization, which are allowed by the one-electron selection rule, the 4 P and 2 P states, at ionization energies of 20.20 and 23.45 eV. 12 A number of experimental and theoretical studies have been made on S atoms and these have been summarized in our earlier study. 1 Of the previous experimental work, the most relevant to this present paper is the investigation of Gibson et al., 13 who studied the photoionization spectrum of atomic sulfur using photoionization mass spectrometry from the ionization threshold, 10.35 eV, to 13.40 eV, and the work of Tondello, 14 who measured and analyzed the absorption spectrum of S from 6.77 to 13.77 eV. Also, Woutersen et al. 15, 16 investigated sulfur atoms with ͑2+1͒ resonanceenhanced multiphoton ionization spectroscopy and observed even-parity Rydberg states, allowed by two-photon excitation from the ground state, with S + 2 D and 2 P ionic cores above the lowest ionization threshold. The most relevant theoretical work is that of Dill et al. , 17 who obtained photoelectron ␤ parameters for the ͑3p͒ −1 S + ͑ 4 S , 2 D , 2 P͒ ← S͑ 3 P͒ ionizations in the photon energy region 10.0-65.0 eV using Hartree-Fock calculations with explicit expressions for the angular distribution of photoelectrons produced by electric dipole ionization of closed and open shell atoms.
In our first study on S atoms with synchrotron radiation, 1 PE spectra were recorded of the first three bands of S atoms, corresponding to the ͑3p͒ −1 S + ͑ 4 S , 2 D , 2 P͒ ← S͑ 3 P͒ ionizations at photon energies in the region 9.600-18.494 eV at two different angles ͑0°and 54°44Ј͒ with respect to the direction of linear polarization of the photon beam. Different photon energy step sizes were used for different parts of this energy range, with the smallest step size ͑0.20 eV͒ being used in the photon energy range 13.205-16.420 eV. 1 In this present work, the higher resolution CIS method has been used to study the S + ͑ 4 S , 2 D , 2 P͒ ← S͑ 3 P͒ ͑3p͒ −1 PE bands in the photon energy range 10.0-30.0 eV using a 1 meV step size at two angles ͑0°and 54°44Ј͒ with respect to the direction of linear polarization of the photon beam.
This work therefore extends the earlier work by measuring partial photoionization cross sections and asymmetry parameters for the
ionizations by using ͑i͒ a wider photon energy range and ͑ii͒ a higher resolution method ͑CIS͒ with a much smaller step size than used in Ref. 1 .
II. EXPERIMENT
The experiments were carried out using the same spectrometer as described in Ref. 1 at the circularly polarized beamline ͑4.2R͒ at the Elettra Synchrotron Light Source ͑Tri-este͒.
PE spectra were recorded in the constant pass energy mode, by scanning the voltage on a lens which accelerates ͑or decelerates͒ the photoelectrons before they enter the analyzer, as described in the earlier work. 1 S atoms were produced by the following consecutive rapid reactions:
To obtain a high F-atom yield, fluorine atoms were produced by flowing 5% F 2 in helium through a microwave discharge at 2.45 GHz in the sidearm of a glass inlet system, 18 with an inner inlet system which is the inlet used for the target molecules ͑in this case H 2 S͒. The intensities of the bands in the experimental PE and CIS spectra were normalized by the photon flux and then by the transmission correction of the spectrometer, as explained in Ref. 1 . The degree of linear polarization ͑P =1͒ of the radiation is well established. 19, 20 The photoelectron asymmetry parameter ͑␤͒ was measured for S at selected photon energies and over a photon energy range by recording CIS spectra at two different angles ͑ = 0°and 54°44Ј͒ at each photon energy ͑at 54°44Ј the measured intensity is proportional to the total photoionization cross section, independent of ␤͒; the ␤ parameter was then calculated from
where R = I 0 / I 54°44 Ј is the ratio of the experimental intensities at these two angles, after applying the above corrections. The photon energy was calibrated in the 11. 22 The Ar resonances were obtained by recording CIS spectra of the first band ͑first component͒ of the ͑3p͒ −1 ionization of argon in the photon energy region 26.0-29.0 eV. Absorption spectra of He were recorded by measuring the current on an aluminum plate at the side of the ionization chamber of the spectrometer opposite the photon source in the photon energy range 21.0-24.0 eV using first order radiation and 11.5-12.3 eV using second order radiation.
Test experiments were carried out in Southampton in order to determine the optimum pressures and mixing distance above the photon beam to be used in the experiments at Elettra which maximize the intensities of the second and third photoelectron bands of S at 12.20 and 13.40 eV IEs, respectively, corresponding to the ionizations S + ͑ 2 D͒ ← S͑ 3 P͒ and S + ͑ 2 P͒ ← S͑ 3 P͒. 23 The following conditions were found to be the optimum for production of both S and SH: a mixing distance above the photon beam of 2 cm, with the inner-inlet system used for H 2 S longer than the outer inlet system by about 2 mm, and the partial pressures measured on an ionization gauge positioned on the wall of the ionization chamber of ⌬p͑H 2 S͒ = 2.4ϫ 10 −7 mbar and ⌬p͑F 2 /He͒ = 4.6ϫ 10 −6 mbar. In this investigation, better experimental conditions than in Ref. 1 allowed studies to be performed on S atoms over a wider photon energy range. This was because new software was written to allow PE and CIS spectra to be acquired and the experimental photoelectron resolution was better, which allowed the first PE bands of S and SH to be resolved.
III. RESULTS AND DISCUSSION
In Fig. 1 , PE spectra recorded at Elettra of the products of the F + H 2 S reaction at a photon energy of h = 21.26 eV and at two different angles with respect to the polarization axis of the photon source ͑ = 0°and =54°44Ј͒ are shown with the assignment of the major features indicated. These spectra show sharp bands at 11.64 and 12.76 eV, which are the second and third bands of SH, and sharp bands at 12 =54°44Ј, with respect to the polarization axis of the photon source, with a 1 meV/channel step width. Figure 2 shows the S + ͑ 4 S͒ ← S͑ 3 P͒ CIS spectrum in the photon energy region 11.5-30.0 eV, Fig. 3 shows the S + ͑ 2 D͒ ← S͑ 3 P͒ CIS spectrum in the photon energy region 13.5-20.5 eV, and Fig. 4 shows the S + ͑ 2 P͒ ← S͑ 3 P͒ CIS spectrum in the photon energy region 14.5-30.5 eV. These spectra were recorded at =54°44Ј. The relative cross sections off resonance for the atomic sulfur CIS bands were estimated at a photon energy of 14.76 eV, an energy at which the total photoionization cross section has been obtained by extrapolation of Tondello's absolute measurements 14 as 75 Mb, based on the linewidths of the absorption lines and the absorption oscillator strength measured in emission by Muller. 25 In order to estimate the absolute cross section for these ionizations at 14.76 eV, the sum of the relative cross sections of these bands was normalized to the total cross section of 75 Mb, determined from Tondello's 14 work. Once this had been done, the experimental results could be used to estimate the photoionization cross section for the first three bands of S atoms at 16.7 eV ͑a photon energy at which the photoionization cross section has been calculated 26 ͒, which when summed gave a total photoionization cross section of 68.7 Mb; this can be compared with the total photoionization cross section calculated by Yeh and Lindau 26 as 18.2 Mb, using Hartree-Fock-Slater calculations. Bearing in mind that values of absolute cross sections can be obtained only if all the parameters are measured in the same experiment under the same experimental conditions, values of absolute cross sections using data extrapolations from other work, both experimental and theoretical, can be used only as a relative indication. Therefore, given the approximations involved, most notably that the total photoionization cross section in the present work has been referenced to the extrapolated photoionization cross section at 14.76 eV determined by Tondello's measurements 14 and that the over- transitions observed have been seen previously, 13, 14, 27 but this is their first observation by CIS spectroscopy. The bands observed in these figures can be readily assigned by comparison with known S * term values. 13, 14, 27 The energy positions of the resonances, taken as the band maxima, have been fitted using the Rydberg energy formula and good agreement has been found with the results of previous studies of the photoabsorption spectrum of Joshi et al. 27 and the photoionization mass-selected spectrum of Gibson et al. 13 Examples of the results obtained for the n =7 nsЈ 3 D, ndЈ 3 D, and ndЈ 3 S Rydberg states by these fits have been summarized in Table I , where they are compared with the results obtained by Gibson et al. 13 for the Rydberg series shown in Fig. 2͑a͒ . Inspection of the CIS spectrum recorded for the first PE band of S atoms shows that in the photon energy region 11.60-12.20 eV, all the bands can be assigned to excitation to Rydberg states which are members of series which converge to the second and to the third ionization energy, see Fig. 2͑a͒ . The structure observed in Fig. 2͑a͒ in the region 12.20-13.40 eV and in Fig. 3͑b͒ 4 3 P ground state. These Rydberg states are parts of series which converge to the third ionization limit at 13.400 eV. 13, 27 The position and assignment of these states have been established previously by Joshi et al. 27 and Gibson et al. 13 Comparing Fig. 3͑b͒ energy region 13.3-13.4 eV in the CIS scan of Fig. 3͑b͒ . The resonances in the 13.3-13.4 eV region could easily be misinterpreted in the PES study as background due to the low count rate and large step width used while the CIS study confirms the presence of real structure which is part of a series converging to the third ionization limit.
Also, the structure observed in Fig. 7͑c͒ 1 In Fig. 4͑a͒ , where the S + ͑ 2 P͒ ← S͑ 3 P͒ CIS spectrum in the photon energy region 14.5-30.5 eV is presented, no evidence of structure was observed in these positions. Also, no maxima were seen in CIS scans of the first and second bands at these photon energies. In this region the cross section for the S + ͑ 2 P͒ ← S͑ 3 P͒ ionization is increasing with increasing photon energy and it appears that incorrect maxima were inferred from the earlier PE study because the data points were taken with a much larger step width than used in the present work. P. These states must be triplet states, since the spin selection rule, ⌬S = 0, should be obeyed for a light atom such as sulfur. Also, the most intense transitions will be those with ⌬1= ±1, or p ← s in this case. 28 The excited states involved may be considered to be the result of adding a p electron to the S + state 3s 1 3p 4 4 P, as they are parts of Rydberg series converging to this limit. The selection rule ⌬L = 0 , ± 1 from the ground state of sulfur reduces the allowed states to those given in Table II Table II͒ .
B. S
Photoabsorption cross sections in regions of autoionization can be parametrized with a line shape formula based on multichannel quantum defect theory ͑MQDT͒ analogous to Fano's resonance formula. [29] [30] [31] This approach was used to Fig. 2͑a͒ for the other Rydberg states which are parts of series converging to the second and third ionization energy limits. The CIS spectra in this figure were recorded in the 11.6-13.4 eV region. 
In this equation a and b represent two portions of the cross section which correspond, respectively, to transitions to states of the continuum that do and do not interact with the discrete autoionizing state. The reduced energy is defined as
where E r is the resonance energy and ⌫ is the natural width of the autoionizing state which depends on the boundcontinuum mixing of the resonance state. 29 The q parameter characterizes the line profile: neglecting the background cross section, the resonance has a maximum at max =1/q and is zero at 0 =−q. The sign of q thus determines whether the maximum occurs before or after the minimum. The magnitude of q indicates qualitatively the relative probabilities of the transition to a Rydberg state and direct ionization. 29, 30 If more than one closed channel exists in the region of interest and, if these channels do not interact either directly or through open channels, the photoionization cross section can be given by a superimposition of Eq. ͑4͒ over the k closed channels, 31 i.e.,
If an energy region contains one open channel and many degenerate closed channels, the photoionization cross section can be written 31 as
In this work, codes for fitting the experimental data to Eqs.
͑4͒, ͑6͒, and ͑7͒ have been written. The parameters a , b , ␦, q, and W in these equations are energy independent. However, a slow variation with energy of these parameters was introduced to obtain a better fit of the experimental data. 32 This is achieved using a set of parameters linear in the reduced energy X = ͑I − E͒ / R, where I is the ionization energy. The parameters ͑generically named p͒ are then written as p = p a + p b X. Several fits of the experimental spectra shown in Figs. 2͑b͒, 3͑c͒, and 4͑b͒ to Eq. ͑6͒ have been performed for the case of many open and several closed channels, varying the number k of the closed channels. The best results for all the three experimental spectra have been obtained, fitting the data with only two closed channels ͑k =2͒. For k = 1 it is impossible to fit the spectra where there are clearly at least two Rydberg series present. The fits with three Rydberg series ͑k =3͒ gave the same two series obtained with k = 2 and physically unrealistic parameter values for the third series. In Fig. 5 are shown the fits for the three CIS spectra shown in Figs. 2͑b͒, 3͑c͒ , and 4͑b͒. Figure 6 shows the experimental CIS spectra for the three different ͑3p͒ −1 ionic channels and the resonance energy positions obtained from the fits, which are also listed in Table III for each final ionic state. Fig. 2͑b͒ . ͑b͒ Fit of the data recorded for the S + ͑ 2 D͒ ← S * ← S͑ 3 P͒ process in the 17.5-20.3 eV photon energy region at =54°44Ј detection angle. This should be compared with the experimental spectrum in Fig. 3͑c͒ . ͑c͒ Fit of the data recorded for the S + ͑ 2 P͒ ← S * ← S͑ 3 P͒ process in the 17.0-20.3 eV photon energy region at =54°44Ј detection angle. This should be compared with the experimental spectrum in Fig. 4͑b͒ .
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Innocenti et al. Series 2 in the S + ͑ 2 P͒ ← S * ← S͑ 3 P͒ CIS spectrum converges to the S + excited spin-orbit limit 4 P 3/2 . Table II shows that it could be 3 P and 3 D Rydberg series. If it is a 3 P series, its energy position for n = 4 would be higher than the corresponding 3 P resonance converging to the 4 P 5/2 limit ͓series 1 for S + ͑ 2 D͒ ← S * ← S͑ 3 P͔͒, which is not the case. It is therefore possible to identify this series as a 3 D Rydberg series. Series 2 in the S + ͑ 2 D͒ ← S * ← S͑ 3 P͒ CIS spectrum converges to the S + 4 P 3/2 excited state. Table II shows that it could be a 3 S, 3 P, or 3 D Rydberg series. If it is a 3 P Rydberg series, the resonance energy difference between the two n =4 3 P Rydberg states converging to the 4 P 5/2 and 4 P 3/2 limits is 131± 36 meV ͓the difference between the n = 4 values for S + ͑ 2 D͒ ← S * ← S͑ 3 P͒ series 2 and S + ͑ 2 D͒ ← S * ← S͑ 3 P͒ series 1; also it should be noted that the S + 4 P 5/2 − 4 P 3/2 separation is 45 meV. 12 The difference between 131 meV and the ionic limit difference of 45 meV can be accounted for by small differences in the quantum defect ␦ for the two n =4 series members, i.e., ␦ = 1.535 and 1.486͔. If it is a 3 S or a 3 D Rydberg series, the resonance energy differences between the two n =4 3 S or 3 D Rydberg states converging to the 4 P 5/2 limit are 217± 36 and 249± 35 meV ͓i.e., the differences in Table III Table III͒ , the difference between the n = 4 positions is 77± 14 meV. ͑The difference between 77 meV and the ionic limit difference of 45 meV can be accounted for by small differences in the quantum defect ␦ for the two n = 4 series members, i.e., ␦ 3 P͒ processes in the 17.5-20.3 eV photon energy region, at =54°44Ј detection angle, with the fourth ionization energy limits derived from analysis of the series to the 4 P 5/2 and 4 P 3/2 ͑3s͒ −1 ionic states marked ͑see text for details͒. These CIS spectra are denoted as ͑a͒ first band, ͑b͒ second band, and ͑c͒ third band in the figure. been performed for the three CIS spectra. Using CIS spectra recorded at two angles = 0°and =54°44Ј at each photon energy, the asymmetry parameter can be calculated using Eq. ͑3͒. Comparison of the measured asymmetry parameters as a function of photon energy for the three ionization channels resulting from the ͑3p͒ −1 photoionization of S derived from this work with results of the angular distribution HartreeFock calculations of Dill et al. 17 have been made over the photon energy range 10-30 eV ͑see Figs. 7 and 8͒. In Fig. 7 , the three different angular distribution plots are shown as a function of photon energy and comparisons with the results of Dill et al. 17 are presented in Fig. 8 . As can be seen in these figures, the experimental results obtained in this work are in reasonable agreement with the results of the calculations 17 for all three ionization channels. However, the high resolution obtained with the Elettra synchrotron and the abundance of resolved resonances make a comparison difficult. Indeed, the work of Dill et al. 17 was intended to provide a theoretical framework that allows angular distribution calculations to be made, at the same level as calculations of total photoionization cross sections, but does not take into account the effects of resonances. Figure 9 shows the measured asymmetry parameters as a function of photon energy over the photon energy range 16.5-20.5 eV for the three ionization channels resulting from the ͑3p͒ −1 photoionization of atomic sulfur. Fits of the experimental spectra recorded at = 0°as well as 54°44Ј to Eq. ͑6͒ have been performed. It was then possible to evaluate the asymmetry parameter plot for the two series in each CIS spectrum from the two fitted spectra at = 0°and =54°44Ј. The asymmetry parameter plots evaluated in this way as a function of the photon energy are shown in Fig. 10 . The agreement between the experimental and calculated asymmetry parameter plots is good although at higher n resonances there are more "spikes" in the calculated spectra. This is principally due to a small misalignment of the resonance positions between the fitted spectra at = 0°and =54°44Ј. A small misalignment of 0.5 meV becomes important at higher n where the width of the resonances is small and gives a spike effect. This effect is increased by the fact that the fits are performed without deconvoluting the data with the instrumental resolution 33 and it is recognized that a fit without deconvolution of the instrumental resolution may become unreliable for an atomic transition involving narrow resonances. 34 Nevertheless, this effect is expected to be small for the n = 4, 5, and 6 resonances observed in this work.
The behavior of the total asymmetry parameters as a function of photon energy in Fig. 10 cannot help the assignment of the Rydberg series. More information can, however, and Table II , the free electron associated with all four series has pure d character; therefore similar behavior of all the four asymmetry parameter plots is expected. The asymmetry parameter plot for Rydberg series 2 of the S + ͑ 4 S͒ ← S * ← S͑ 3 P͒ CIS spectrum ͓Fig. 11͑b͔͒ has a behavior similar to the four series previously analyzed ͑Figs. 12 and 13͒. This means that the free electron should have a d character. This property, as can be seen in Table II , is satisfied by the 3 D Rydberg series. By elimination, the Rydberg series 1 of the S + ͑ 4 S͒ ← S * ← S͑ 3 P͒ CIS spectrum is a 3 S Rydberg series with a s free electron. Indeed, Fig. 11͑a͒ shows completely different behavior from Fig. 11͑b͒ with the asymmetry parameter decreasing and then increasing while crossing a resonance. Table IV shows the six Rydberg series observed with the assignments made in this work. Inspection Fig. 9͑a͒ . ͑b͒ Spectrum of the calculated asymmetry parameter ͑␤͒ for the S + ͑ 2 D͒ ← S * ← S͑ 3 P͒ ionization process as a function of photon energy over the range h = 17.0-20.5 eV. This should be compared with the experimental spectrum in Fig. 9͑b͒ . ͑c͒ Spectrum of the calculated asymmetry parameter ͑␤͒ for the S + ͑ 2 P͒ ← S * ← S͑ 3 P͒ ionization process as a function of photon energy over the range h = 17.0-20.5 eV. This should be compared with the experimental spectrum in Fig. 9͑c͒ .
